We examined the natural course of endothelium-dependent and -independent responses in reversed autogenous vein grafts during regeneration and tissue repair processes after vein grafting in dogs. Vein grafts implanted in the canine femoral artery were removed, cut into rings, and suspended in organ chambers for isometric tension recording at 3 days and 1, 2, 4, and 6 weeks after implantation. Endothelial cells were denuded from some rings. Control veins were taken from nonsurgically treated femoral veins.
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We examined the natural course of endothelium-dependent and -independent responses in reversed autogenous vein grafts during regeneration and tissue repair processes after vein grafting in dogs. Vein grafts implanted in the canine femoral artery were removed, cut into rings, and suspended in organ chambers for isometric tension recording at 3 days and 1, 2, 4, and 6 weeks after implantation. Endothelial cells were denuded from some rings. Control veins were taken from nonsurgically treated femoral veins.
Acetylcholine caused endothelium-dependent relaxations in the control veins, whereas in the vein grafts there was no evidence of endothelium-dependent relaxations to acetylcholine 3 days after the operation. Acetylcholine caused endothelium-independent contractions throughout the study. The endotheliumdependent responses to ADP and calcium ionophore A23187 were constantly maintained. Three days after the operation, the amplitude of norepinephrine-induced contractions of the vein grafts was impaired, and at 1 week the amplitude was recovered, although it was significantly smaller than the amplitude of contractions of the control veins at any postoperative period. Endothelium-independent relaxations to sodium nitroprusside were maintained throughout the study. Thus, there was a selective loss of acetylcholine-mediated relaxation in vein grafts in the early postoperative stage, a time when the intima is not thickened. These altered responses in vein grafts in the early postoperative period may have a role in graft failure. (Circulation Research 1993;72:1004-1010) KEY WoRDS * vein grafts * intimal thickening * endothelium-derived relaxing factor P latelet thrombosis, intimal hyperplasia, and progression of atherosclerosis are most important factors determining the patency of vein grafts implanted into the arterial circulation of patients with peripheral arterial occlusive disease.1-3 Interactions between aggregating platelets and the vessel wall (endothelium and vascular smooth muscle) play an important role in all these processes.
The endothelium modulates the underlying vascular smooth muscle by releasing the potent vasodilator endothelium-derived relaxing factor (EDRF)4,5 and other factors such as endothelium-derived hyperpolarizing factor6 and endothelium-derived contracting factor.7 EDRF not only relaxes vascular smooth muscle but also reduces platelet adhesion8 and is in itself a potent antiaggregatory substance.9-1 Endothelium-dependent relaxations were found to be impaired in vein grafts at 4 or 6 weeks after grafting in rabbit and dog models, a time when the intima was already thickened.'2-15 Because there is little information on factors related to modulation of endothelial or smooth muscle function in vein grafts, particularly in the early postoperative period, we studied the natural course of endothelium-dependent or -independent responses and the progression of intimal thickening in autogenous reversed vein grafts in dogs.
Materials and Methods

Surgical Procedure
Experiment 1: Vein grafts in the arterial circulation. Twenty-eight mongrel dogs (14-20 kg) of either sex were anesthetized with 30 mg/kg pentobarbital given intravenously, and reversed autogenous vein bypass grafting of the right femoral artery using the right femoral vein was performed. Antibiotic prophylaxis consisted of one intravenous injection of cefazolin sodium (1 g). The right femoral artery and vein were exposed through a longitudinal incision in the thigh, and branches of the right femoral vein were ligated and cut. Four centimeters of vein was excised and gently flushed by heparinized saline without distension of the vein, and the vein was stored in heparinized (2 units/ml) saline for approximately 30 minutes at room temperature during anastomosis. The femoral artery was clamped at proximal and distal ends, and a 3-cm section of the artery was excised between the ends. The femoral vein was reversed and anastomosed to both ends of the artery in an end-to-end manner (7-0 monofilament suture). Care was taken to minimize manipulation of the blood vessels throughout the proce- dures. Circulation through the graft was reestablished, and the wound was closed. All the animals recovered from anesthesia with no neurological deficits. "Principles of Laboratory Animal Care" and the "Guide for the Care and Use of Laboratory Animals" (publication No.
[NIH] 80-23, revised 1985) were followed. After intervals of 3 days and 1, 2, 4, and 6 weeks, the animals were anesthetized in the same manner, and the graft and the contralateral femoral vein were excised. The left femoral vein was used as the control vessel.
Experiment 2: Vein-to-vein bypass. In three mongrel dogs, autogenous vein bypass grafting of the right femoral vein using the left femoral vein was done. The operative procedures were the same as described above.
At first, right and left femoral veins were exposed; then, approximately 4 cm of the left femoral vein was excised and placed in heparinized saline. After clamping the right femoral vein at proximal and distal ends, the left femoral vein was anastomosed to both ends of the right femoral vein in an end-to-end manner. After 2 weeks, the graft was excised.
In Vitro Experiments
The excised vessels were placed in a modified Krebs-Henseleit solution of the following composition (mM): NaCl 120.0, KCl 5.9, CaCI2 2.6, MgSO4 1.0, KH2PO4 1.0, NaHCO3 20.0, and glucose 10.0 (control solution).16
After cleaning blood vessels of the connective tissue with care so as not to touch the luminal surface, rings 5 mm in length were prepared. In the vein graft, two rings were taken from the middle portion of the graft. In some rings, the endothelium was removed by rubbing the luminal surface gently with a cotton swab moistened with the control solution.12,17 The rings were suspended for measurement of isometric force in an organ chamber between a clip and a force transducer (type TB-611T, Nihon Koden, Tokyo) by two stainless-steel wires inserted into the lumen of the vessel. The organ chamber was filled with 20 ml Krebs-Henseleit solution at 37°C and gassed with 95% 02-5% CO2, and pH was adjusted to 7.37.4. 16 The rings were progressively stretched and contracted with a submaximal concentration of L-norepinephrine bitartrate (NE, 0.3 ,uM) at each level of stretch, until the active tension was maximal (optimal length). The rings were allowed to equilibrate for 30 minutes before application of drugs.
Endothelium-Dependent Response
To examine endothelium-dependent relaxations of the rings, each was precontracted with NE (0.3 ,uM), which caused approximately 60% of the maximal contraction induced by 30 ,uM NE. First, the cumulative concentration-response curve to NE (from 1 nM to 30 ,M) was obtained; then, the responses of a pair of rings, with and without endothelium, were studied in the following order: acetylcholine (ACh, from 1 nM to 30 ,uM), ADP (from 10 nM to 30 ,M), and the calcium ionophore A23187 (from 1 nM to 10 ,uM). Sodium nitroprusside dihydrate (SNP, from 1 nM to 30 gM) was also used at the end of the protocol to examine the endothelium-independent relaxation of rings with and without the endothelium. Before checking relaxation responses, both rings were incubated with indomethacin (10 ,M for 30 minutes) to inhibit the metabolism of arachidonic acid by cyclooxygenase and to exclude the role of prostaglandins in the response. 17 In the right femoral vein grafts using the left femoral vein, endothelium-dependent responses to ACh and ADP were examined.
Drugs
The following drugs were used: ACh, ADP, indomethacin, and NE (all from Sigma Chemical Co., St. Louis, Mo.); the calcium ionophore A23187 (Calbiochem Corp., La Jolla, Calif.); and SNP (Wako Pure Chemical Industry, Osaka, Japan). Unless otherwise specified, drugs were prepared daily in distilled water, kept on ice, and added to organ chambers, as required. The calcium ionophore A23187 was dissolved in dimethyl sulfoxide and diluted with distilled water; the It 0) 0 +J cJ 0 
Calculations and Statistical Analysis
The results are expressed as mean+SEM. Unless otherwise specified, n is the number of rings taken from different dogs. In rings contracted with 0.3 ,uM NE, responses are expressed as a percentage of changes from the contraction. For relaxation, the effective concentration of vasodilators causing 50% relaxation (ED50) or 30% relaxation (ED30) of the contractions to 0.3 ,uM NE was calculated from each concentration-response curve, and the mean of these values is presented as the negative logarithm of molar concentration. For contractions evoked by NE, the effective concentration was that producing 50% (EC5o) or 30% (EC30) of the contractions to the maximum contractions evoked by 3 ,uM NE. Statistical evaluation of the data was made using Student's t test for paired or unpaired observations. When more than two means were compared, an analysis of variance was used. If the value was statistically significant, Scheffe's test for multiple comparisons was used to identify differences among the groups. A value of p<0.05 was considered to have statistical significance.
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Histology At the conclusion of the in vitro experiments, the blood vessels were fixed in 10% formalin and embedded in paraffin. Perfusion fixation was not done. Transverse sections were cut and stained with hematoxylin-eosin and elastic-van Gieson to determine the thickness of the intima by light microscopy. The average intimal thickness was calculated from eight measurements of the intimal thickness taken at even intervals around the circumference of each ring.
The other vein grafts taken at 3 days and 1, 2, and 4 weeks were perfused in situ with 0.1 ,uM phosphate buffer solution followed by glutaraldehyde. The luminal surface of the vein grafts was examined under a scanning electron microscope operated at 15-25 keV (model S-450, Hitachi Co., Tokyo).
Results
In grafts prepared in 28 dogs, four occluded grafts were discarded, and the 24 patent grafts (85.7%) were harvested. (Table 1 ). The optimal tension of the graft taken 3 days after implantation was significantly smaller than in the control veins and in grafts taken after 1 week.
Organ Chamber Studies
CONTRACTION TO NE. Contractions to NE were absent in the reversed vein grafts at 24 hours after implantation (n=3; data not shown). In rings taken 3 days after implantation, NE caused dose-dependent contractions (Table 2, Figure 1 ). However, the amplitude of contractions was significantly smaller than in the control veins throughout the study. The contractions of rings taken 3 days after implantation were significantly smaller than the contractions of rings taken 4 or 6 weeks after implantation. EC50 at 3 days after implantation was also less sensitive than EC50 after 4 weeks (Table 2) . RELAXATION TO ACH. In control veins precontracted with NE (0.3 ,uM), ACh caused endothelium-dependent relaxations in a concentration-dependent manner. In the vein grafts, endothelium-dependent relaxations were absent, and only endothelium-independent contractions were observed (Figure 2 ). The contractions of each ring obtained in the presence of ACh (30 ,uM) showed no significant differences at 1 week after grafting ( Figure 2B ). When the ACh-induced maximum contractions of rings precontracted by 0.3 ,gM was expressed as a percentage of the precontractions, the maximum contractions evoked by ACh were comparable (Table 3) . RELAXATION (Figure 3) , and there were no significant differences compared with findings in control veins. There were no significant differences in sensitivities of the rings among the veins and the grafts, irrespective of the postoperative period (Table 4 ).
RELAXATION TO A23187. Endothelium-dependent relaxations were observed in a concentration-dependent manner throughout the study, and the ED30 was comparable ( Table 5 ). Maximum relaxations induced by 3 ,uM A23187 caused comparable relaxations (Figure 4) . RELAXATION TO SNP. Endothelium-independent relaxations were maintained at each postoperative period examined. The maximum relaxations to 30 ,uM SNP caused comparable relaxations ( Figure 5 ). Rings taken 3 days after implantation were more sensitive to SNP than were the control rings (Table 6 ). Experiment 2: Vein-to-vein bypass. In grafts of the right femoral vein, ACh-induced endothelium-dependent relaxations were absent, and only endotheliumindependent contractions were observed (EC30, 5.49±0.06 with endothelium, n=3; EC30, 5.50±0.31 without endothelium, n=30). ADP caused endothelium-dependent relaxations (ED30, 4.67±0.35, n=3).
Histology
Intimal thickening was not remarkable at 3 days after implantation, and there was a gradual increase at 4 weeks ( Figure 6 ). The intimal thickness of grafts 3 days after implantation was significantly smaller than that in grafts 2, 4, and 6 weeks after implantation. The intimal thickness of grafts at 1 week after implantation was also significantly smaller than that of grafts 4 and 6 weeks after implantation.
Scanning electron microscopy revealed a large grade of endothelial loss, but deformed remnant endothelial cells and platelets were present on the luminal surface of the grafts 3 days after implantation ( Figure 7A) . At 1 week after implantation, the surface of the endothelial cells had recovered, but cell junctions were incomplete ( Figure 7B ). After 2 weeks, endothelium completely covered the intima, and there were no apparent differences from the control endothelium ( Figures 7C and  7D ).
Discussion
The major finding of this study is the selective loss of endothelium-dependent relaxations to ACh in graft tissue taken at the early postoperative stage and the preservation of relaxations to ADP and A23187. AChinduced endothelium-independent contractions were observed throughout the study. Factors possibly related to the impairment of endothelium-dependent relaxations in vein grafts3 include the following: 1) The responsiveness of vascular smooth muscle to endothelium-derived relaxing factor may be altered. However, this can be ruled out, because relaxations to SNP were not altered in rings without endothelium, whereas contractions to NE were reduced. In addition, endothelium-dependent relaxations in the presence of ADP or A23187 were maintained. 2) Diffusion of endotheliumderived relaxing factor to underlying smooth muscle may be impaired. This also is unlikely because endothelium-dependent relaxations to ACh were impaired before intimal thickening in the vein grafts. What appears to be most likely is that the production or release of EDRF to ACh in the vein graft is depressed. However, the mechanism related to the selective loss of endothelium-dependent relaxations to ACh in vein grafts and the preservation of relaxations induced by ADP and A23187 is unclear. Reduction in the response to ACh in the endothelial cells may be due to loss of ACh receptors, loss of coupling mechanisms, or loss of production of nitric oxide. In the present experiments, we found that, in the vein-to-vein graft, endotheliumdependent responses to ACh were abolished, whereas those to ADP were preserved. Therefore, we consider the possibility that the impairment of ACh-induced endothelium-dependent relaxations may be due to surgical trauma such as dissection of the adventitia during preparation of the vein graft. Alternatively, the ACh receptor may more readily lose its function compared with other receptors. Other investigators noted a selective impairment of ACh-induced relaxations and that chronic denervation of arterial vessels results in a blunting of the endothelium-dependent relaxation to muscarinic activation.'8 Reduced relaxation to muscarinic activation was observed in aortas of spontaneous hypertensive rats,19 and the neointima, at an early stage in the development of atherosclerosis, has been found to impair functions of endothelial muscarinic receptors. 20 One of the EDRFs was found to be nitric oxide2' or a donor of nitric oxide22 that is produced from L-arginine. However, specific similarities and dissimilarities between EDRF and nitric oxide remain a matter of discussion. 23, 24 Recently, Vidal et a125 reported that nitric oxide may not be the only EDRF in the femoral veins. Thus, one possible explanation for the selective loss of the ACh-induced endothelium-dependent relaxations in vein grafts is that the EDRF evoked by ACh and the EDRF evoked by ADP or A23187 may be different substances.
Contractions to NE were absent in the reversed vein graft at 24 hours after the operation, and at 3 days, NE caused contractions. However, these events were significantly reduced compared with findings at 4 or 6 weeks. NE-induced contractions recovered to the steady level within 1 week. Histological studies revealed preservation of medial smooth muscle structures at each postoperative period. Factors affecting the smooth muscle of the autogenous reversed vein graft may be the manipulation involved at grafting, disruption of the vasa vasorum during dissecting procedures, distension by high pressure in the artery, and exposure to factors of high flow or high shear stress. Another possibility is that the loss of response to NE may be related to denervation. Morphological changes found in the reversed vein graft in the present study were similar to those reported by other workers.26-29At 2 weeks after implantation, the endothelium had completely recovered. Intimal thickening was observed 1 week later and was developed 2-3 weeks after implantation. The striking evidence we obtained was that endothelium-dependent relaxations in the presence of ACh were impaired before the intimal thickening of the vein graft. Late graft failure occurs in about one third of the patients treated by autogenous vein graft bypass,3031 and in addition to progression of the underlying vascular disease, intimal thickening is one main cause of graft failure.1t2, 32, 33 Endothelial injuries due to surgical trauma, change in flow velocity, or compliance mismatch have been implicated in the development of intimal thickening. Platelets probably play an important role in both thrombotic occlusion and intimal hyperplasia, and it was confirmed that intimal thickening is platelet mediated.34 Certain antiplatelet drugs will reduce intimal hyperplasia. 35, 36 EDRF relaxes vascular smooth muscle, reduces platelet adhesion, and is in itself a potent anti-platelet-aggregatory substance.458,9 Loss of EDRF evoked by ACh in the early postoperative period after grafting may be one explanation for the intimal thickening seen in the reversed vein graft.
One characteristic of a diseased vascular wall is impairment of the endothelium-dependent relaxation. This has been demonstrated repeatedly in hypertensive animals, in animals with atherosclerosis, and in experimental cerebral vasospasm.37-42 In humans, atherosclerotic arteries do not relax when infused in situ with ACh; instead, a paradoxical vasoconstriction occurs.43 In addition, impairment of the endothelium-dependent responses in the regenerated endothelial cells has also been noted in experimental models of balloon denudation"4 and reperfusion injury.45 Grafting of an autologous vein in the treatment of peripheral arterial occlusions is the procedure that yields the most favorable long-term results.30,46,47 When excluding technical problems, occlusion can be attributed to platelet thrombosis, progression of the underlying vascular disease, and intimal hyperplasia. We obtained clear evidence that endothelium-dependent relaxations in response to FIGURE 7. Scanning electron micrograph of the # iintimal surface of a canine femoral autogenous vein graft at 3 days (panelA), 1 week (panel B), 2 weeks (panel C), and 4 weeks (panel D) after implantation. Magnification, x640. 3 7 ACh are impaired in vein grafts in the early postoperative period. This impairment in the endothelium may have a role in intimal hyperplasia and occlusion of autogenous vein grafts.
